Brachial plexus injury (BPI), a severe nervous system injury, is a leading cause of functional damages of the affected upper limb. Patients with BPI manifested with motor weakness or paralysis, sensory deficits, and pain. We established a BPI rat model to explore the in vivo effect of end-to-side screw anastomosis (ETSSA) of phrenic nerve on the recovery of limb function after BPI.
Background
Brachial plexus injury (BPI), as a severe neurologic injury, is caused by severe traction force on the upper limb, leading to complete or partial motor paralysis [1] . There are several factors responsible for BPI such as gestational diabetes mellitus, neonatal macrosomia, vaginal delivery, breech presentation, and shoulder dystocia [2] . Although the majority of BPI cases can resolve spontaneously within a year, approximately 5% to 8% cases will still, persist which is a leading cause of birth related litigation [3] . The treatment for BPI relies on the pathologic condition and the position of the injury [1] . Contralateral C7 (CC7) transfer has been used for treating traumatic BPI, but the efficacy of CC7 transfer causes heated debate in the society [4] . Only the combination of nerve repair with muscle and tendon transfer using both conventional and new methods, including the free muscle transplant innervated through vascularized nerve grafts, can make the patient use paralyzed arm functionally [5] . The BPI can be repaired using end-to-side side-to-side grafting neurorrhaphy in root ruptures, in phrenic and spinal accessory nerve neurotization, in CC7 neurotization, and in neurotization using intact interplexus roots or cords [6] .
Phrenic nerve injury is recognized as a complication following cardiac intervention or surgery, and with the common use of transcatheter procedures for treating drug-refractory arrhythmias, clarification of the spatial correlations between the phrenic nerves and significant cardiac structures is very necessary to reduce the risks of phrenic nerve injury [7] . End-toside (ETS) vascular anastomosis has a pretty complexity regarding the suturing of the juncture line between the artery and the graft, and a stress-concentration method was put forward for predicting the stress distribution at the juncture line, aiming to offer generic expressions describing the response of an end-to-side anastomosis (ETSA) [8] . Although an intervention strategy targeting the extensors of the affected upper limb might be good for functional recovery, conventional repetitive motor training has restricted clinical utility; a recent study demonstrated that repetitive transcranial magnetic stimulation could induce motor recovery [9] . However, the effects of end-to-side screw anastomosis (ETSSA) of phrenic nerve on the recovery of limb function after BPI have not yet been reported. Thus, in our study, we made an in vivo study to investigate whether the ETSSA can effectively promote the recovery of motor function in rats with BPI.
Material and Methods

Ethics statement
This study was approved by the Animal Ethics Committee of Jinan Military General Hospital. All experimental animals were used and killed strictly according to relevant laws and regulations.
Experimental animals and grouping
Ninety clean male Sprague-Dawley rats with the weight of 200 to 250 g, purchased from Better Biotechnology Co., Ltd. (Nanjing, China), were used in this study. Rats were randomly grouped into 3 groups, with 30 rats in each group. The left side of the rat was selected as the experimental side (affected side), and the right side was selected as the control side (unaffected side). The ETSA group had left brachial plexus root avulsion + nerve transplantation + ETSA of phrenic nerve displaced to the musculocutaneous nerve; the ETSSA group had left brachial plexus root avulsion + nerve transplantation + ETSSA for phrenic nerve displaced to the musculocutaneous nerve; the model group had left brachial plexus root avulsion without repair.
Establishment of rat models of BPI
The rats were anesthetized intraperitoneally with 5% ketamine (300 to 350 mg/kg) and fixed on the plate in the supine position with unfolding the limbs. After unhairing, 75% ethanol was used for routine disinfection of rats, the towel was spread on the plate, and the models were established under a 10 times operation microscope. An incision was made in the middle of the left upper limb and neck, and the skin was incised from the middle of the neck along the medial upper limb to the elbow. From the clearance between the pectoralis major muscle and biceps brachii muscle, a pull hook was used to pull a part of the pectoralis major to the opposite side to expose the brachial plexus in the upper limb, in which the musculocutaneous nerve was dissected and marked for following use. In the neck incision, the clavicle was pulled to the opposite side using a clavicular hook to reveal the left C5-T1 nerves ( Figure 1A ). Then the C5-T1 nerves root were completely cut off successively to simulate the pathological state of left total brachial plexus root avulsion ( Figure 1B) . The musculocutaneous nerve was cut at 0.5 cm from biceps brachii muscle in the incision of upper arm. Subsequently, 2.0 cm of the saphenous nerve (SN) of the ipsilateral lower limb was obtained as the transplanted nerve bridging the muscle cutaneous nerve and the phrenic nerve. All sutures were sutured with 12-0 noninvasive nylon thread without tension. For the ETSA group, the distal end of SN and the musculocutaneous nerve were anastomosed with an end-to-end anastomosis, and 2 stitches were sutured; the proximal end of SN and the phrenic nerve was anastomosed with a 45° end-to-end anastomosis to the phrenic nerve trunk, and 1 stitch was sutured. For the ETSSA group, the distal end of SN and the musculocutaneous nerve were anastomosed with an end-to-end anastomosis, and 2 stitches were sutured ( Figure 1C) ; the proximal end of SN spirally twisted the phrenic nerve in 3.5 cycles with a 45° ETSA to the phrenic nerve trunk, and each spiral was sutured with 1 stitch ( Figure 1D ). For the model group, all the nerve-end back packs were folded into the adjacent muscle tissue without any repair. After the operation, local irrigation with normal saline was performed, and penicillin sodium powder was placed in the incision to prevent infection. After suturing with 5-0 silk threads, the rats were fed routinely.
Behavioral observation
The time of elbow flexion synchronizing with breathing was observed on the affected side of 10 rats in each group at 1 and 3 months after operation, respectively. Behavioral observation was performed using the Terzis grooming test [10] . Then 3 mL water was sprayed into the nose of rats by using a syringe, and the action of cleaning the nasal water droplets in the rats was observed and classified into 0-5 grades: rats without any reaction as 0; rats that can elbow but cannot touch the nose as 1; rats that can elbow and touch the nose as 2; rats that can elbow to the position below the eyes as 3; rats that can elbow to the eye as 4; rats that can elbow to the ear or the back position of ears as 5.
Electoneurophysiological examination
The compound muscle action potential (CMAP) of biceps brachii muscle of 10 rats in each group on the affected side and unaffected side was detected using Dantec-Neuromatic 2000 (Dantec, Skovlund, Denmark) at 1 and 3 months after operation. The intensity of stimulation current was the minimum stimulus that causes the maximum amplitude, and the wave width was 0.04 ms. The latent period and amplitude of CMAP of biceps brachii on the affected and unaffected side were recorded, and then the latency delayed rate (LDR) and amplitude recovery rate (ARR) were calculated. The formulas were: LDR=affected latency/unaffected latency, ARR=affected amplitude/unaffected amplitude.
Muscular tension recovery rate (MTRR) measurement
Muscle tension on the affected side and unaffected side of rats in each group was detected using physiological experiment multi-purpose instrument (Shanghai Yilian Latrical Instrument Equipment Co., Ltd., Shanghai, China) at 1 and 3 months after operation. The biceps brachii muscles of rats on both sides were cut off at the point of radial tuberosity, and then connected to the muscular tension transducer after suturing with 1/10 silk suture. The biceps brachii muscle was controlled at the initial length by adjusting the traction tension. The parameters of the software were set as: electric stimulation intensity=8 V, frequency=15 Hz, wave width=3 ms, sensitivity=24 g, string pulse number=15, series pulse interval=70 ms, sampling interval=2 ms, single sampling. The musculocutaneous nerves were stimulated by electrode 1 cm away from the entry point of the musculocutaneous nerve. The tetanic contraction curve of biceps brachii was recorded, and the tetanic tension on both sides was measured. The muscle was always kept moist during the determination. MTRR = tetanic tension on the affected side/tetanic tension on the unaffected side.
Hematoxylin and eosin (H&E) staining and determination of muscle weight recovery rate (MWRR) and crosssectional area recovery rate (CARR) of muscle cells
The biceps brachii on the affected side and unaffected side was dissected completely from rats in each group at 1 and 3 months after operation. The surface connective tissues were removed and immediately weighed and analyzed by analytical balance (R200D, 1/100000, Germany). After the measurement of muscle wet weight, the muscle specimens were placed in 8% formaldehyde solution to fix for 72 hours. After dehydration by gradient alcohol and paraffin embedding, the muscle specimens were sliced into 5-μm sections by automatic slicing machine (Reichert-Jung 2050) and then stained by H&E. Leica DWLB2 microscope (Leica, Germany) was used to observe 5 horizons randomly (400×). Leica-Qwin image analysis software (Leica, Germany) was used to measure the total number of muscle cells and the total cross-sectional area in the selected views, thereby calculating the average value of cross-sectional area of each muscle cell. The MWRR and CARR of the muscle cells were calculated using the following formulas: MWRR=muscle wet weight of the affected side/muscle wet weight of the unaffected side; CARR=cross-sectional area of muscle cells on the affected side/cross-sectional area of muscle cells on the unaffected side.
Counting of regenerated myelinated nerve fibers
The repairing segmental nerves formed after suturing were removed from rats in each group at 1 and 3 months after operation. Then 2 mm of proximal phrenic nerve and 2 mm of distal musculocutaneous nerve were obtained and fixed with 0.25% glutaraldehyde for 72 hours. After the specimens were dehydrated by gradient alcohol and embedded by epoxy resin, they were cut into 0.5 μm of ultra-thin sections which were stained with 5% toluidine blue, separated by 20% acetic acid, washed several times by water, dried and sealed. Leica DWLB2 microscope (Leica, Germany) was used to observe 5 horizons randomly (400×). Leica-Qwin image analysis software (Leica, Germany) was used to count the area of visual field (A), in which the number of myelinated nerve fibers was counted, and the average value (N) of myelinated nerve fibers number in 5 fields was calculated. The average density of myelinated nerve fibers r=N/A, and total number of myelinated nerve fibers TN=r×TA (TA is the total cross-sectional area of the nerve). The numbers of myelinated nerve fibers of rats in each group in the proximal phrenic nerve and distal musculocutaneous nerve of suture were counted, and the regenerated nerve traversing rate (NTR) was calculated. NTR=the number of distal myelinated nerve fibers/the number of proximal myelinated nerve fibers.
Motor endplate examination
The frozen sections of the biceps brachii on the affected side and the unaffected side of rats in each group were cut at 1 and 3 months after operation, and then dried for 30 min at room temperature. 
Statistical analysis
All data were processed by SPSS 21.0 software (IBM Corp. Armonk, NY, USA). The measurement data were expressed as mean ± standard deviation (SD).
Comparison between 2 groups was tested by independent sample t-test, and comparison among multiple groups was analyzed by one-way analysis of variance (ANOVA). Comparison of parameters at different time points in the same group was done using repeated measures ANOVA. P<0.05 was considered statistically significant.
Results
The grading of Terzis grooming test in the ETSA and ETSSA groups increased with time At 1 and 3 months after operation, muscle atrophy occurred on the affected side of rats in the model group, and there was no elbow flexion movement induced by respiratory motion. The grading of Terzis grooming test was 0. At 1 month after the operation, 3 rats in both the ETSA group and the ETSSA group produced minor elbow flexion movement on the left side of body. At 3 months after operation, 9 rats in the ETSA group produced elbow flexion movement, while elbow flexion movement could be observed from all rats in the ETSSA group. But there was no significant difference between the 2 groups (P>0.05). The range of elbow flexion movement in the ETSA and ETSSA groups at 3 months after operation was higher than those at 1 month after operation. At 1 and 3 months after operation, the grading of Terzis grooming test in the ETSA and ETSSA groups increased with time (all P<0.05), and there was no significant difference between the 2 groups (all P>0.05) ( Table 1) .
BPI rats treated with ETSSA showed lower LDR of CMAP but higher ARR of CMAP At 1 and 3 months after operation, the latent period and maximum amplitude of CMAP of biceps brachii on both sides of rats in each group are shown in gradually (P<0.05). At 1 month after operation, there was no significant difference in the LDR and the maximum ARR between the ETSA and ETSSA groups (all P>0.05). At 3 months after operation, the LDR and the maximum ARR of CMAP of rats in the ETSSA group were 118.48% and 93.19%, respectively. The LDR of CMAP in the ETSSA group was lower than that in the ETSA group, but the ARR of CMAP in the ETSSA group was higher than that in the ETSA group (all P<0.05) (Figure 2 ).
BPI rats treated with ETSSA displayed better MTRR of biceps brachii
At 1 and 3 months after operation, the biceps brachii on the affected side of rats in the ETSA and ETSSA groups reacted to electrical stimulation, while the muscular tension of biceps brachii on the affected side of rats in the model group was not detected. At 1 and 3 months after operation, the MTRR of biceps brachii on the affected side of rats in the ETSA and ETSSA groups increased with time. There was no statistical significance for comparing the differences between the 2 groups at 1 month after operation (P>0.05). At 3 months after operation, the MTRR of rats in the ETSSA group was 71.95%, which was significantly higher than that in the ETSA group (P<0.05) (Figure 3 ). The tetanic tension of biceps brachii on the affected side of rats in the ETSSA group nearly recovered to the preoperative level.
BPI rats treated with ETSSA presented with better recovered muscle cell morphology At 1 month after operation, compared with the unaffected side, necrosis, disintegration and lymphocytic infiltration, and decreased cell size appeared in biceps muscle cells on the affected side of rats in each group. The model group was particularly serious, followed by the ETSA group and the ETSSA group. With the increase of time, the morphology of muscle cells in the ETSA and ETSSA groups gradually recovered and was close to Table 2 . The latent period and maximum amplitude of CMAP of biceps brachii on both sides of rats in the ETSA, ETSSA and model groups at 1 and 3 months after operation (mean ±SD).
* P<0.05 compared with 1 month after operation; ETSSA -end-to-side screw anastomosis; ETSA -end-to-side anastomosis; CMAP -compound muscle action potential. those on the unaffected side. But the extent of cell morphology decrease in the model group was not relieved. The connective tissue between the muscle cells in the model group was significantly higher than that in the ETSA and ETSSA groups (Figure 4 ).
BPI rats treated with ETSSA exhibited elevated MWRR on the affected side At 1 and 3 months after operation, the muscle wet weight of rats in the model group was slightly reduced, and the MWRR was significantly lower compared with the ETSA and ETSSA groups (all P<0.05). The muscle wet weight of biceps brachii on the affected side of rats in the ETSA and ETSSA groups recovered gradually with the passage of time. At 3 months after operation, the MWRR on the affected side in the ETSA and ETSSA groups were 64.62% and 71.97% respectively, and the MWRR in the ETSSA group was significantly higher than that in the ETSA group (P<0.05) ( Figure 5A ). At 1 and 3 months after operation, the CARR of muscle cells in the model group was significantly lower than those in the ETSA and ETSSA groups (all P<0.05). There was no significant difference between the ETSA and ETSSA groups (P>0.05) ( Figure 5B ).
BPI rats treated with ETSSA revealed better postoperative regeneration of myelinated nerve fiber
After operation, the number of regenerated myelinated nerve fibers in the ETSA and ETSSA groups increased gradually with time, but the regenerated myelinated nerve fibers were not observed in the model group (Table 3) . At 1 month after operation, the biceps brachii on the affected side of rats in the ETSA and ETSSA groups produced a large amount of nerve growth factor, which induced the lateral branches of phrenic nerve to produce relative small new nerve fibers. There was no significant difference in the number of regenerated myelinated nerve fibers and the NTR between the ETSA and ETSSA groups (all P>0.05). At 3 months after operation, the thick nerve fibers in fresh myelinated nerve fibers in the ETSA and ETSSA groups gradually increased, and the number of regenerated myelinated nerve fibers and the NTR in the ETSSA group was significantly higher than those in the ETSA group (all P<0.05).
The results indicated that the postoperative regeneration of in the ETSA and ETSSA groups at 1, 2, and 3 months after operation. * P<0.05 compared with the ETSA group; MTRR -muscular tension recovery rate; ETSSA -end-to-side screw anastomosis; ETSA -end-to-side anastomosis.
One months after operation
Model ETSA ETSSA The healthy side There months after operation H&E -hematoxylin-eosin; ETSSA -end-to-side screw anastomosis; ETSA -end-to-side anastomosis. myelinated nerve fibers in the ETSSA group was better than that in the ETSA group ( Figure 6 ).
BPI rats treated with ETSSA showed increased motor endplate
At 1 and 3 months after operation, the motor endplate on the affected side of rats in the ETSA and ETSSA groups had large area, clear structure and was deeply colored, while the motor endplate on the affected side of rats in the model group had small area, obscure structure and was lightly colored. Compared with the model group, the area of motor endplate in the ETSA and ETSSA groups were significantly higher (P<0.05), and the motor endplate area in the ETSSA group was significantly higher than that in the ETSA group (P<0.05), as shown in Table 4 .
Discussion
In this study, we explored the effect of ETSSA of phrenic nerve on the recovery of limb function after BPI. The results showed that ETSSA had better efficacy, for the reason that it is able to restore the limb function recovery to a greater extent and accelerate the regeneration of nerve fibers in rats with BPI.
According to our study results, the grading of Terzis grooming test in the ETSSA and ETSA groups increased with time at 1 and 3 months after operation. ETS neurorrhaphy is a technology that can address the problem of distal target reinnervation without injury to the original donor nerve, and the technique drew wide attention after Viterbo reported his experiments in 1992 [11] . As a possible therapy for treating nerve lesions without practicable proximal nerve stumps, ETS neurorrhaphy has been practicably and clinically researched [12] . Moreover, ETS neurorrhaphy, also lateral anastomosis, has been confirmed to be an alternative way to reconstruct severed peripheral nerves [13] . The Terzis grooming test that evaluates and describes actions and behaviors is a useful test applied to the neural system, reflecting the reconstruction and maturation of the target muscle motor units after nerve reinnervation [14, 15] . The functional recovery of biceps brachii is reflected by improved behaviors in rats, such as elbow flexion lifting, or shoulder abduction [16] . Therefore, the results in the present study showed the well recovery of muscle function, implying that ETSA and ETSSA for phrenic nerve could promote the recovery of motor function in rats (A) The MWRR of muscle cells of rats in three groups at 1, 2, and 3 months after operation; (B) the CARR of muscle cells of rats in three groups at 1, 2, and 3 months after operation. * P<0.05 compared with the model group; # P<0.05 compared with the ETSA group; MWRR -muscle weight recovery rate; CARR -cross-sectional area recovery rate; ETSSA -end-to-side screw anastomosis; ETSA -end-to-side anastomosis. and ETSSA for phrenic nerve could shorten the latent period and increase the maximum amplitude of CMAP, and then promote the recovery of biceps brachii muscle, but the efficacy of ETSSA was better compared with that of ETSA. The CMAP onset latency reflects the arrival time at the impulse muscle in the fastest-conducting motor nerve fiber [17] . Liao et al. demonstrated that both ETS and end-to-end neurorrhaphy can restore the function of recipient nerves as well as maintain the normal function of donor nerves, and better efficacy is related to higher amplitude of CMAP and shorter latency and density of motor end plates [18] , which was consistent with our data. Additionally, Liu et al. reported that ETS neurorrhaphy promoted effective motor functional recovery, which was characterized by higher density of regenerated axons, greater muscle weight, stronger muscle contractile function, and primitive improvement of the peroneal functional index in comparison to unrepaired nerves [19] , which further supported our results.
Furthermore, the number of regenerated myelinated nerve fibers, NTR, and the motor endplate area of rats in the ETSSA and ETSA groups were higher than those in the model group, from which we can hypothesize that ETSSA could promote limb function recovery. Motor endplates, whose location is not known in the majority of muscles, is the key site for botulinum neurotoxin action that decreases the contraction of disabling muscles [20] . It has been found that peripheral nerve axons regenerating at the injury site at a speed of nearly 1 mm/d can contribute to muscle reinnervation by interacting with their target motor endplates [21] . By comparing the sural nerve biopsies of diabetic patients with damaged glucose tolerance and those with normal glucose tolerance, a strong association was found between a decreased density of myelinated nerve fibers, abnormal electrophysiological function and neuropathic clinical signs [22] . What's more, low myelinated nerve fiber density was demonstrated to be correlated with nerve dysfunction progression as well [23, 24] . From those data, we can conclude that the results in the present study suggest a gradual recovery of limb function in brachial plexus.
Conclusions
Our study provided evidence that ETSSA is capable of restoring limb function recovery to a greater extent, and accelerating the regeneration of nerve fibers in rats with BPI, with a better effect in the ETSSA group compared with the ETSA group. The data implied that ETSSA for phrenic nerve is expected to be a potential treatment for BPI. Restricted by the number of samples, however, the experimental results are not fully representative. Because of the fact that the diameters of nerves and muscles which may be neurotized in human are much bigger and not comparable with rats, it is advised to conduct experiments based on animals with bigger nerves and muscles size, such as primates, to increase authenticity and reliability. What's more, there was no comparison of the therapeutic effect of ETSSA and ETSA in this study. Therefore, further research is needed to confirm our conclusions. 
